The moisture sorption isotherm data of fourteen Chinese wheat varieties were determined using the static gravimetric method at five different temperatures (10, 20, 25, 30 and 35 °C ) and relative humidity ranging from 11.3 to 96%. Eight models, namely Brunauer-Emmett-Teller, CAE, Chen-Clayton, Modified-Chung-Pfost (MCPE), Modified-Henderson, Modified-Guggenheim-Anderson-deBoer, and Modified-Oswin and Strohman-Yoerger, were used to fit the sorption data. MCPE shows the best fitting results. A significant hysteresis effect was found between wheat desorption and adsorption isotherm at lower ERH, but the similar hygroscopic properties remained for different wheat types like hard vs. soft, red vs. white, and winter vs. spring, respectively. The experimental results show that the isosteric heats for both wheat adsorption and desorption, and all the sorption heats for different wheat types decrease rapidly with increasing seed moisture initially, however, after the moisture is more than 15% w.b. they decrease tardily with increasing moisture content. The isosteric heats of wheat desorption were considerably higher than those of adsorption below 17.5% m.c., but the similar sorption isosteric heats were found for wheat types like hard vs. soft, red vs. white, or winter vs. spring, respectively. It is concluded that the wheat grains from different types have similar hygroscopic properties and sorption isosteric heats and can be synchronously dealt with during physical control in storage.
Introduction
Wheat (Triticum aestivum) is the major grain in China, with its annual production being around 100 million metric tons in recent years. In China, a portion of the wheat is stored for a longer period of time (3 to 5 years) than that in the developed countries with deterioration controlled largely through moisture content and temperature. In order to maintain the quality of the wheat during this storage time period, it is important and interesting to know the relationship between the storage condition (temperature and humidity) and the quality of the wheat. In other words, knowing the relationship between equilibrium moisture content (EMC) and equilibrium relative humidity (ERH) of the cereal grains is essential. This relationship has been widely studied and different models/equations have been introduced (Nellist & Dumont, 1979; Van den Berg & Bruin, 1981; Sun & Woods, 1994; Blahovec, 2004; de Carvalho Lopes et al., 2006) . Among 77 isotherm equations compiled by Van den Berg & Bruin (1981) , only ten equations are commonly used to fit EMC-ERH relationship for wheat data (Sun & Woods, 1993) . Among these ten equation, Chen-Clayton (CCE), Day-Nelson, Henderson, Modified Chung-Pfost (MCPE), Modified Henderson (MHE), and Strohman-Yoerger (SYE) equations are used to describe the sorption behavior of wheat chaff and unthreshed kernels in wheat heads (Duggal, Muir & Brooker, 1982) . Based on the results, it was known that among these equations, the smallest residual sums of squares of ERH were obtained using the SYE for wheat kernels and the CCE for chaff, and the minimum standard error of estimate of ERH by the MCPE, respectively. All these conclusions were made based on the study of one or two source sets of wheat data. Nellist & Dumont (1979) collected wheat data from thirteen sources and fitted the data using five common equations in order to obtain isotherm equations for general drying applications. This work indicated that the MCPE results in the best fit. As the authors mentioned, if more and better data became available, the coefficients of MCPE equation should be updated. Sun & Woods (1994) analyzed 29 source sets of wheat EMC/ERH data using five models (i.e. CCE, MCPE, MHE, Modified-Oswin (MOE), and SYE). It was concluded that the MCPE and the MOE are the preferred equations due to the fact that these two equations can describe each and all the individual data set and are three-coefficient invertible equations. Understandingly, the variety of the wheat has some influence on the results and all these studies did not include the Chinese wheat varieties. In this paper, the moisture sorption isotherm data of fourteen Chinese wheats are reported.
In respect of kernel hardness, wheat is divided into several types: durum, hard, soft, and mixed wheat residing between soft and hard wheat. Pfost et al. (1976) used MCPE analyzed the EMC/ERH data for hard, soft, and durum wheats. The results indicate that there is some variation in the resulting coefficients of the MCPE among these three types of wheat. Sun & Woods (1994) compared the MCPE curves for the three types of wheat (eight hard wheat varieties, six soft wheat varieties, and three durum wheat varieties) at three temperatures of 0, 30 and 60 °C . At the temperature of 0 °C , the hard-wheat curve lies well above the others and the durum wheat results in the lowest curve. At 30 °C the difference in the hygroscopic properties of the three types of wheat become very small due to the three curves coming closer. However at 60 °C , these three curves depart from each other again in the reverse manner, the curve for durum wheat lying above the curve for soft wheat, with the curve for hard wheat at the bottom. Recently, we studied the moisture sorption data of some Chinese wheat varieties (one mixed, two hard, two soft wheats). By using six equations, the Brunauer-Emmett-Teller (BET), CCE, MCPE, MHE, MOE and SYE, it is found that these hard and soft wheat varieties show similar hygroscopic properties and sorption isosteric heats (Li et al., 2011) . In the literature, few reports are about the hygroscopic properties and sorption isosteric heats between winter and spring wheat, as well as between red and white wheat.
Thermodynamic, structural and dynamic approaches have been used to understand the properties of water and calculate the energy requirements of heat and mass transfer in biological systems (Fasina, Ajibola & Tyler, 1999) . Thermodynamic functions/variables of the isotherm sorption deepen the understanding of experimental results. These thermodynamic functions/variables include isosteric heat of sorption, integral enthalpy, and integral entropy. The knowledge of sorption isotherms at different temperatures enables an evaluation of the heat of sorption, which determines the interaction between an adsorbent and adsorbate. All these provide a guideline for the drying process (Iglesias, Chirife & Viollaz, 1976) . The level of material moisture content at which the net isosteric heat of sorption approaches the latent heat of vaporization of water is often taken as an indication of the amount of 'bound water' existing in the product (Kiranoudis et al., 1993) . The heat of vaporization of sorbed water may increase to values well above that for the vaporization of pure water as food is dried to low moisture levels (Rizvi, 1986) .
In this paper, a systematical study of 14 Chinese wheat varieties collected from different regions is reported. The EMC/ERH data is analyzed using eight equations in order to determine the most suitable EMC/ERH model for grain moisture sorption isotherms of fourteen Chinese wheat varieties, and compare the fitted sorption isotherms and isosteric heat of water sorption between different wheat types classified in respect of hardness, color and seedtime, providing theoretic basis for wheat treatments after harvest.
Materials and Methods

Wheat samples and experimental procedures
Fourteen varieties of wheat (Triticum aestivum) used in this work were collected from eight regions in China in 2007 and 2008. These include twelve winter wheat and two spring wheat as shown in Table 1 . The hardness of wheat samples were measured with an SKCS 4100 (Perten Instruments AB, Sweden). Of these fourteen varieties, seven varieties are hard wheat, five varieties are soft wheat, and the remaining two varieties are mixed type wheat, or seven varieties are white wheat, the others are red wheat. The wheat seeds used for this study were intact, clean and plump. For adsorption experiment, the wheat seeds were dried to a wet bulb moisture content (m.c.) of 7-8% wet basis (w.b.) at 40.5 °C in an oven, and then dehydrated by P 2 O 5 solid in a dessicator to below 5% w.b. For the samples of desorption experiment, the wheat seeds were re-moisturized to the m.c. of 23% w.b., and equilibrated at 4 °C for two weeks.
chloride, and potassium nitrate. Twenty-seven wide mouth glass bottles (250-mL) each contained 65 mL salt solution, and were kept in one temperature controlled cabinet to maintain nine groups of different relative humidity (r.h.) levels ranging from 11.3 to 96% ERH. Every relative humidity at one temperature was triplicated and a total of 135 bottles was used in the experiment for five sorption isotherms of a wheat variety. The temperature of cabinets was monitored using a standard thermometer and controlled with an accuracy of ±0.5 °C . Each sample of wheat seeds (4-5 g) was placed into a small bucket (3 cm diameter × 4 cm length) made from copper wire gauze, and hung into the glass bottle on a copper wire pothook under a rubber plug, 2-3 cm above saturated salt solutions. The rubber plug was tightly pushed into the bottle mouth. From three weeks after exposing the samples in the saturated vapour at 35 °C , the copper wire buckets with samples were weighed every other day until the change in mass between two successive readings was less than 2 mg. When the sample was exposed to a lower temperature, the sample was left longer to equilibrate. However, the wheat seeds exposed over the saturated potassium nitrate solution for 3-4 days at higher temperatures were susceptible to molds growth, and removed immediately mould was observed on any seed. The moisture content of the sample at this constant stage was defined to be the EMC and was determined by the oven method (AOAC, 1980) . The sample was dried to constant weight under 103.0±0.5
°C for 22-28 h.
Analysis of the adsorption and desorption data
Eight equations were used to fit the EMC data of wheat adsorption and desorption as given in Table 2 . The fitting was conducted using the non-linear regression procedure in SPSS 13.0 for Windows (SPSS Inc., 2006) , which minimizes the sum of squares of deviations between experimental and predicted data in a series of iterative steps. The determination coefficient (R 2 ), residue sum of squares (RSS), the standard error (SE), and mean relative percentage error (MRE) as defined below are used as the criteria to determine the best equation for the data analysis. Where m i is the experimental value, m pi the predicated value, m mi the average of experimental values, and n the number of observations. The determination coefficient (R 2 ) was one of the primary criteria for selecting the best equation to fit the experimental data. In addition to R 2 , the other statistical parameters, MRE as a percentage, RSS and SE were used to determine the quality of the fit. The equations (1) -(4) were used for calculating R 2 , RSS, SE, and MRE, respectively. The fit of an equation is good enough for practical purposes when MRE is less than 10% (Aguerre, Suarez & Viollaz, 1989) .
Determination of the isosteric heat of sorption
The total energy required to remove a unit mass of water from wheat kernels, i.e. the differential heat of sorption (h s ), is conveniently partitioned into two components, namely the latent heat of vaporization of free water (h v ) and the differential heat of wetting (h w ). The h s of adsorption and desorption of wheat grains were respectively calculated by the following six equations according to Thorpe (2001 
. 
The equation (5) (10) used in this study.
Results
Fitting of sorption equations to experimental sorption data
The results of fitting the sorption equations to the experimental data of adsorption and desorption isotherms by nonlinear regression analysis were respectively evaluated with the statistical indices such as RSS, SE, R 2 and MRE. Of eight equations, namely BET, CAE, CCE, MCPE, Modified Guggenheim-Anderson-deBoer (MGAB), MHE, MOE, and SYE (Table 2) , seven equations such as CAE, CCE, MCPE, MGAB, MHE, MOE, and SYE gave the better fit to the experimental data of adsorption and desorption isotherms in a wide range of 11.3 to 96.0% ERH, but the BET equation gave the better fit in the range of 11.3 to 49.9% ERH. The further comparisons of the sorption equations in a form of . .
for twenty-eight sets of isotherm data were given in Table 3 . The average values of R 2 and error parameters (RSS, SE, and MRE) were calculated for the twenty-eight sets of isotherm data. In the form of . .
, the equations for desorption were ranked for accuracy in an order: CAE, SYE, MCPE, MOE, CCE, MHE and MGAB, but for adsorption the order was: CAE, SYE, MCPE, CCE, MHE, MOE and MGAB. The CAE model being used in Chinese stored grain aeration gave the least standard error of estimate, least mean relative percentage deviation, and explained variation on the ERH, thus it could be taken as the best model among the seven . .
( , ) r h f M t  models because the residual plots showed a random deviation. In case of a form of ( . ., ) M f r h t  , the equations for desorption were ranked in an order: MCPE, CCE, BET, MHE, MOE, and MGAB, the order for adsorption equations were MCPE, CCE, MHE, BET, MOE, and MGAB. However, CAE is five-coefficient, temperature dependent equation, and it can be not easily inverted to give EMC as a function of ERH. SYE is four-coefficient, temperature independent equation, and also cannot be explicitly invertible. CCE is a four-coefficient, temperature dependent and explicitly invertible equation. The other commonly used equations, such as MCPE, MHE, MOE and MGAB all are three-coefficient, temperature dependent and easily invertible equations (Table 2) . MCPE fitted the data reasonably well. MHE, MOE and MGAB equations were again less effective in fitting the data. Thus, the MCPE in a form of . .
was considered to best describe the equilibrium moisture data of fourteen wheat varieties in a wide range of 11.3 to 96.0% ERH.
Comparison of hygroscopic properties of different wheat samples
The best fitted MCPE parameters for desorption and adsorption isotherms of different wheat samples were summarized in Table 4 . For MCPE model in a form of . .
( , ) r h f M t  , the parameters C 1 and C 2 in adsorptive isotherm equation were significantly different from those corresponding to desorptive isotherm equation, respectively. In contrast, there was slight difference in corresponding parameters C 1 , C 2 and C 3 between hard and soft wheat, as well as between red and white wheat, or between winter and spring wheat, respectively.
The experimental sorption data of wheat samples were fitted with MCPE and the predicted data were compared between wheat types. Figure 1 shows the fitted sorption isotherms of 14 data sets at 20 and 30 °C . The isotherms of desorption and adsorption for wheat samples were sigmoidal in shape. At a constant ERH, both types of EMC decreased with an increase in temperature. A substantial difference was observed between the adsorption and desorption data at the same temperature. The desorption data was higher than the adsorption data except at high r.h., and the moisture sorption hysteresis effect was more significant at lower ERH. Both width and span of the hysteresis effect tended to decrease with an increase in temperature.
Figure 2 compared the predicted sorption isotherms between wheat types at 20 and 30 °C , respectively. The moisture sorption data of soft wheat were insignificantly higher than those of hard wheat at these two temperatures. The very similar moisture sorption data were also observed between red and white wheat, as well as between winter and spring wheat, respectively.
In a form of ( . ., ) M f r h t  , the deduced MCPE of each wheat variety was used to calculate the moisture content for grain safe storage with ERH equal to 70% (Table 5) . At a borderline condition of 70% r. h., the average moisture contents of fourteen wheat varieties at different temperatures of 10, 15, 20, 25, 30, and 35 °C were 14.90%, 14.57%, 14.26%, 13.97%, 13.71%, and 13.46% w.b., respectively. At 20-25 °C the safe storage m.c. for desorption was 13.93-14.21%, these m.c. were 13.58-13.88%, 14.38-14.69%, 14.40-14.60% for hard, soft and mixed wheat, respectively. The safe storage m.c. (14.03-14.30%) of red wheat at 20-25 °C is similar to that (13.95-14.25%) of white wheat. Furthermore, the safe storage m.c. (14.08-14.35%) of winter wheat at 20-25 °C was slightly higher than that (13.48-13.84%) of spring wheat.
Comparison of isosteric heats of sorption between different wheat samples
The isosteric heats between wheat adsorption and desorption
The isosteric heat of sorption (h s ) was calculated from the equations (6) to (9). The coefficients C 1 , C 2 , and C 3 of MCPE equation with a form of . . Table 4 were used as the coefficients in equation (9). Figure  3A shows the influence of grain moisture content ranging from 4 to 24% w.b. on the isosteric heats of wheat desorption and adsorption. The isosteric heats of both wheat desorption and adsorption decreased rapidly with an increase in seed moisture content until the m.c. of 15% w.b. was reached, but after the moisture is more than 15% w.b. they decreased slowly with increasing moisture content. At lower moisture contents below 15%, both isosteric heats of wheat desorption and adsorption at lower temperatures were higher than those at higher temperatures. The isosteric heats of wheat desorption were significantly higher than those of adsorption below 15% m.c., but above 15% m.c. there was no difference found between them.
The influence of another moisture sorption model such as MOE on the calculated isosteric heats of sorption was also compared in Figure 3B . The coefficients C 1 , C 2 , and C 3 of MOE equation (Table 6 ) with a form of . .
( , ) r h f M t  were respectively used as the coefficients in equation (10). When the MOE model was employed to predict, the isosteric heats of both wheat desorption and adsorption decreased rapidly with an increase in seed moisture content from 7.5 to 17.5% w.b., but above 17.5% m.c. they decreased slowly with increasing moisture content ( Figure 3B ). The isosteric heats of wheat desorption were significantly higher than those of adsorption in the moisture range of 4 to 20% w.b. At lower moisture contents below 15%, both isosteric heats for wheat desorption and adsorption at lower temperatures tended to be similar to those at higher temperatures. However, above 15% m.c., both isosteric heats for wheat desorption and adsorption at lower temperatures were slightly higher than those at higher temperatures.
3.3.2 The sorption isosteric heats of sorption between hard and soft wheat Figures 3C and 3D show both sorption isosteric heats of hard and soft wheat at different temperatures predicted by MCPE and MOE models, respectively. The isosteric heats for both sorption of hard and soft wheat were decreased rapidly with an increase in seed moisture content until the moisture content of 17.5% w.b. was reached, and thereafter they decreased slowly with increasing moisture content. The sorption isosteric heats of soft wheat were slightly higher than those of hard wheat under all moisture contents at a constant temperature. For the sorption isosteric heats predicted by MCPE ( Figure 3C ), at lower moisture contents below 17.5%, the sorption isosteric heats for both hard and soft wheat at lower temperatures were slightly higher than those at higher temperatures. However, the effect of temperature on the sorption isosteric heats of both hard and soft wheat was depleted when the MOE model was employed to calculate ( Figure 3D ).
3.3.3 The sorption isosteric heats between red and white wheat Figures 4A and 4B show both sorption isosteric heats of red and white wheat estimated by the MCPE and MOE models, respectively. Similarly to both sorption isosteric heats of hard and soft wheat, it seems that both sorption isosteric heats of red and white wheat were decreased rapidly with increase in seed moisture content until a moisture content of 17.5% w.b. was reached, but above 17.5% they decreased slowly with increasing moisture content. Additionally, the sorption isosteric heats of red wheat were very similar to those of white wheat under all moisture contents at a constant temperature. For the sorption isosteric heats calculated by MCPE ( Figure 4A ), at lower moisture contents below 17.5%, the isosteric heats for the sorption of both red and white wheat at lower temperatures were slightly higher than those at higher temperatures, but the effect of temperature on the sorption isosteric heats of red and white wheat was depleted when MOE model was used ( Figure 4B ).
The sorption isosteric heats between winter and spring wheat
Figures 4C and 4D give both sorption isosteric heats of winter and spring wheat predicted by the MCPE and MOE models, respectively. In parallel to the changes in sorption isosteric heats for both hard and soft wheat, as well as for both red and white wheat, the sorption isosteric heats for both winter and spring wheat were decreased rapidly with increase in seed moisture content until the moisture content of 17.5% w. b. was reached, and thereafter they decreased slowly with increasing moisture content. The sorption isosteric heats of spring wheat were slightly higher than those of winter wheat under all moisture contents at a constant temperature. For the sorption isosteric heats calculated by MCPE ( Figure 4C ), at lower moisture contents below 17.5%, the isosteric heats for the sorption of both winter and spring wheat at lower temperatures were slightly higher than those at higher temperatures, but the influence of temperature on the sorption isosteric heats of winter and spring wheat was eliminated when MOE model was adopted ( Figure 4D ).
Discussion
The theoretical implications of moisture sorption hysteresis range from a depiction of the irreversibility of the sorption process to the question of validity of thermodynamic functions determined from such a system (Kapsalis, 1987) . It has been accepted that there was significant hysteresis effect between wheat desorption and adsorption at lower ERH (Pfost et al., 1976; Sun & Woods, 1993; 1994) . Sun & Woods (1994) analyzed thirty-three source sets of wheat EMC/ERH data with the preferred equations MCPE and MOE, and considered that the wheat hysteresis effect was not greatly influenced by temperature. However, in this study for the average fitted sorption data of fourteen wheat varieties, both width and span of the hysteresis effect tended to decrease with an increase in temperature. It was noted by Kapsalis (1987) that the span of hysteresis loop always decreases with increasing temperature, but the width of hysteresis loop could increase, remain unchanged, or reduce with increasing temperature. The hysteresis loops of wheat grains at 10-35 °C are of type three classified by Kapsalis (1987) . In agreement with these results, the coefficients of MCPE and the isosteric heats for wheat desorption and adsorption were different. So far our knowledge on elucidation of hysteresis phenomenon of cereal moisture sorption is rather limited. The practical implications of moisture sorption hysteresis in wheat can deal with the effect on storage stability.
A study by Chen & Morey (1989) . These values agree to the safe moisture level, usually taken as that in equilibrium with a maximum of 70% r.h. is about 14% w.b. for the starch cereal grains (Pixton, 1982) . At six temperatures ranging from 10 to 35 °C fourteen wheat samples is around 0.7% w.b., close to standard deviation of 0.5% w.b. that the different methods for cereal grain moisture determination should not be beyond (AOAC, 1980) . To our knowledge, few studies have compared the hygroscopic properties between wheat types. We found that the very similar safe storage m.c. remained between red and white wheat. Considered the 0.5% standard deviation of moisture measurement, the similar safe storage m.c. were also found between hard and soft wheat, and between winter and spring wheat. Sun & Woods (1994) compared the fitted curves of MCPE for eight hard wheat varieties and six soft wheat varieties at three temperatures of 0, 30 and 60 °C . At the temperature of 0 °C , the curve for hard wheat lied well above that of soft wheat, but the difference in hygroscopic properties of these two types wheat become very small at 30 °C , then at 60 °C the curve of soft wheat lied above that of soft wheat. In this study, the fitted MCPE isotherms of soft wheat slightly lied above those of hard wheat at the temperatures of 20 and 30 °C . The similar hygroscopic properties between hard and soft wheat might be due to the overall effects of hygroscopic properties of their respective protein and starch (Li et al., 2011) . The reason for the similar hygroscopic properties between red and white wheat, as well as between winter and spring wheat, needs further study on microstructural or morphologic characteristic of different wheat varieties.
The isosteric heats for both wheat desorption and adsorption, and for the sorption of both hard and soft wheat, decreased rapidly with an increase in seed moisture content till up to 15% w.b., but thereafter they decreased slowly with increasing moisture content. As mentioned above, similar trends of sorption isosteric heats were also observed for both red and white wheat, as well as for both winter and spring wheat. The isosteric heats of wheat desorption were dramatically higher than those of adsorption from 4.0 to 17.5%, but above 17.5% m.c. there was no difference found between them. These results were different from those reported by Öztekin & Soysal (2000) that the isosteric heats of wheat desorption were higher than those of adsorption from 9.1 to 13.0% w.b., but from 13.1 to 20% the isosteric heats of desorption were lower than those of adsorption. Their difference between desorption and adsorption isosteric heats below 13.0% is much smaller than ours. In their study, they also compared the sorption isosteric heats between hard and soft wheat in the moisture range from 9.1 to 16.7% w.b. The sorption isosteric heats of soft wheat were much higher than those of hard wheat from 9.1 to 12.3% w.b., but from 12.31 to 16.7% the sorption isosteric heats of soft wheat were lower than those of hard wheat. In this study, the sorption isosteric heats of soft wheat were slightly higher than those of hard wheat from 4 to 15% w.b., but above 15% no difference was found between the sorption isosteric heats of soft wheat and hard wheat. The same trends of the sorption isosteric heats were observed for winter and spring wheat, as well as for red and white wheat. In the study of Öztekin & Soysal (2000) , the heat of sorption of wheat grains approached that of pure water at the moisture content of about 16.7% wet basis, but in this study the m.c. is around 15.0% w.b., close to those of melon seed, cassava, alfalfa pellets, gari, winged bean seed, and tea at moisture contents of about 11.5, 26.5, 13.8, 13.0, 13.0, and 13.0% w.b., respectively (Arslan & Toğrul, 2006) . The rapid increase in the heat of sorption at low moisture content might be due to the existence of highly active polar sites on the surface of wheat grains, which were covered with water molecules forming a mono-molecular layer (Tsami, 1991) . The decrease in the isosteric heats with higher amounts of sorbed water can be quantitatively explained by considering that sorption initially occurs on the most active available sites giving rise to high interaction energy. As these sites become occupied, sorption occurs on the less active ones, resulting in lower heats of sorption (Wang & Brennan, 1991) . In low moisture contents, the values of the isosteric heats were higher than the latent heat of vaporization of water, indicating that the energy of binding between the water molecules and the sorption sites was higher than the energy which holds the molecules of pure water together in the liquid phase (Al-Muhtaseb, McMinn, & Magee, 2004) . At high moisture contents, there was no significant difference between the sorption isosteric heat and the latent heat of vaporization of water over a broad range of moisture contents. Similar findings were reported for the isosteric heats of melon seeds and cassava (Aviara & Ajibola, 2002) , starch powder (Al-Muhtaseb, McMinn, & Magee, 2004) , and Brussels sprouts (Irzyniec & Klimczak, 2003) . Comparison of the adsorption and desorption data shows that, at a specific moisture content, the isosteric heat of desorption was higher than the corresponding adsorption data. This indicates that there are more polar sites on the surface of the solid, and the energy of binding between the water molecules and the surface is higher (Tsami, 1991) . Heat values for desorption give a measure of the energy that needs to be supplied to dehydrate the foodstuff.
The sorption isosteric heats for both winter and spring wheat, as well as for both red and white wheat were also compared in this study. The minor difference between the sorption isosteric heats of winter and spring wheat at a particular temperature was very similar to that of soft wheat and hard wheat. No difference was found between the sorption isosteric heats of red and white wheat at all moisture contents from 4.0 to 24% w.b. at a constant temperature. These results suggest the similar hygroscopic properties and sorption isosteric heats occur for different wheat types, i.e. hard vs. soft wheat, red vs. white wheat, or winter vs. spring wheat, respectively.
When MCPE was used to calculate the wheat heat of sorption, at lower moisture contents below 17.5% w.b., the isosteric heats of both desorption and adsorption, of both sorption of hard and soft wheat, as well as of both sorption of winter and spring wheat, and those of both sorption of red and white wheat under lower temperatures all were higher than those under higher temperatures. However, when MOE was used for the calculation of the heat of sorption, regardless of either desorption or adsorption, either hard or soft wheat, as well as either winter or spring wheat, and either red or white wheat, there was no difference found in the isosteric heats of sorption at different temperatures at an EMC below 15%, but above 15% the isosteric heats of sorption at lower temperatures were slightly higher than those at higher temperatures. It has been noted that h s /h v was calculated to be dependent on temperature, but the dependence was small (Thorpe, 2001) . In this study for two models MCPE and MOE employed respectively to calculate the wheat heat of sorption, MOE can eliminate the dependence of h s on temperature. Thus, in contrast to a big difference in isosteric heats of wheat desorption and adsorption below the m.c. of 15% w.b., we consider that the similar sorption isosteric heats occur between hard and soft wheat, between red and white wheat, as well as between winter and spring wheat, and the grains from different wheat types could be concordantly treated after harvest.
Conclusion
This study determined the moisture sorption isotherms of wheat grains for fourteen Chinese varieties. It is found that MCPE model results in the best fitting to the sorption data. A significant hysteresis effect was found between wheat desorption and adsorption at lower ERH, but the similar hygroscopic properties remained between wheat types, i.e. hard and soft wheat, red and white wheat, or winter and spring wheat, respectively. The isosteric heats for wheat adsorption and desorption, and the sorption heats for hard and soft wheat, winter and spring wheat, as well as red and white wheat, all decreased rapidly with an increase in seed moisture up to 15% w.b., thereafter they decreased slowly with increasing moisture content. The isosteric heats of desorption were higher than those of adsorption below 15% m.c., but above 15 % m.c. there was no difference between the desorption and adsorption. The similar isosteric heats of grain sorption found between hard and soft wheat, as well as between red and white wheat, or between winter and spring wheat indicate that the wheat grains from different types have similar hygroscopic properties and sorption isosteric heats, and can be synchronously dealt with during drying, storage and aeration. . et al., 1986 Modified Oswin 1967 a r.h., relative humidity; M, equilibrium content, percentage wet basis; t,temperature (°C); P s , saturated vapor pressure; C 1 , C 2 , C 3 , and C 4 ; a 1 , a 2 , b 1 , b 2 and d are coefficients in the equations. Average value is the means of samples from no. 1 to 14 plus standard deviation. 
